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DESCRIPTIQN 

Thin-Film Bulk Acoustic Wave Ladder Filter with FaQ-shaped 

The present invention relates generally to filters, and in particular to filters constructed 
using bulk acoustic wave resonators. Such filters may be used in communications 
5 equipment as band pass filters which enable selection of a firequency band in which 
transmission channels are located, and with rejection of ftequencies outside the band of 
interest The invention also relates to commrmications equipment (for exanoqple, a radio 
firequency receiver and/or transmitter) comprising such filters. 

10 High-performance radio-fi:equency (RF) filters typically use high dielectric constant 
ceramic resonators or sur&ce acoustic wave resonators. The former devices are rather 
bulky, whereas the latter are smaller but have higher insertion loss (generally>3 dB) and 
generally rather poor stop-bands. As a result, neither provides an ideal solution for 
channel band selection in small communications devices such as mobile phones. Filters 

15 for such applications need deep stop-bands to reject unwanted signals, as well as low 
pass-band ins^on loss (typically<2 dB) to achieve adequate signal-to-noise ratio. 
There is therefore a requirement for vety small resonators with high Q-&ctor (typica31y> 
500). To achieve this aim, with potential for integration on silicon, tiiin-film bulk- 
acoustic-wave (BAW) resonators have been proposed. These are applicable to the 

20 frequency range 0.5 to 10 GHz, and are therefore appropriate for the third generation 
mobile telephony standard, as well as for already established wireless standards, such as 
GSM, W-CDMA, Bluetooth, HomeRF, DECT and GPS. 

The need for low insertion loss and high stop-band attenuation can not be achieved with 
a single resonator. Filters are therefore typically made up of a nimiber of resonators, and 
25 a conventional thin-fihn BAW filter configuration is a ladder construction, shown in 
simplified schematic form in FIG. 8 . This has alternating series sections and shimt 
sections, each of which can be a single resonator, or one or more resonators on the same 
firequency connected in series or parallel (which is electrically equivalent). The anti- 
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resonant fiequency of the shunt element is chosen to be the resonant frequency of flie 
series elements to provide minimum insertion loss at lhat frequency. 

The individual resonators are typically arranged as so-called solidly- mounted 
resonators (SMRs). an example ofwhich is illustrated inFIG. 1 .The required 

conversion between electrical and mechanical energy is achieved by a layer of 

piezoelectric material(forexanq,le zinc o«de,aluminiumnitride,PCT,PI^^ 

two metal layers in which electrodes are fomied. The piezoelectric material isprovided 

over one or more acousticaUy mismatched layers, which are mounted on an insulating 

substrate, for example glass. The acoustically mismatohed layers act to reflect tiie 

acoustic wave which results from resonance of Ihe piezoelectiic layer at tiie resonant 

frequency. 

MFIG 2, a number of high impedance layers and low hnpedance layers are shown. 
Porous siUcon oxide (aerogel) may be used for tiie low-in?.edance layers, and a single 
layer may in feet be adequate to achieve sufficienfly high Q, due to tiie very low 
acoustic mqiedance of tiiis material. The hi^ impedance layersfl may comprise 
tungsten. 



20 



25 



Ladder filter atrangemenis such as shown in HG. 8 have demonstiated good 
perfomiance, for example less lhan 2 dB insertion loss and very low- level of spurious 
response. However, there are also some disadvantages, which can be understood from 
an approximate electrical equivalent circuit of tiie resonator, shown m FIG. 3 . 

C o is an (unwanted) static c^acitance of tiie resonator, whereas C m , Lm andRm 
chaiacterise tiie mechanical resonance. These are, re^ectively, the motional 
capacitance, motional inductance and motional resistance of tiie resonator. The 
resonator ^ears as apure capacitor Co at frequendes removed from tiie resonance 
(except at otiier significant mechatdcal resonances such as harmonics, which are not 
accounted for in tins simple model), hi designs reported to date, tiie shunt and series 
resonators have similar areas, andtiierefore shnilar static c^itances. This gives only 
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about 6 dB attenuation, in the ficequency bands to be rejected by the filter(the "stop- 
band"), per combination of series and shunt sections. This is the result of the static 
capacitance of each resonator. A T-section, comprising two series connected resonators 
and an intermediate shunt resonator may can be considered as the basic building block 
5 of a ladder filter. A single resonator elmient is then at the input and output 8of the 
filter, and the intermediate series resonators elements 2 b each comprise two series 
connected resonator elements. 

To achieve the desired low pass-band insertion loss and hi^ stop-band insertion loss, 
each individual building block should meet these two requirements. Although 

10 increasing the number of sections adds to the stopband loss (as required), this also 
increases pass-band loss (and also the overall filter size). The pass-band and stop-band 
requirements therefore conflict with each other. Typically, several such building blocks 
are required for even moderate stop-band rejection. Consequently, both Ihe area 
occupied and the insertion loss in the pass-band are increased without in^roving filter 

15 selectivity. 

It has been recognised, for example in U.S. Pat. No. 5,471,178, that the stop band 
performance for a ladder filter is determined in part by the static c^acitance ratio 
between the series and shunt resonators, as the resonators act as a capacitive voltage 
divider at fijequencies removed fix>m the resonant firequencies. 

20 

KF filters based on thin-film bulk-acoustic-wsive (BAW) resonators are being developed 
for applications such as mobile phones and wireless connectivity. The advantage of 
BAW technology is that devices acre small, have good power handling ( > 1 W), cover 
the fi-equency range 1-20 GHz, and can exploit wafer-scale processing and packaging on 
25 silicon. Alternative technologies are ceramic electromagnetic (EM) wave filters and 
surface-acoustic-wave (SAW) filters. The former are relatively large and expensive for 
equivalent firequencies, while the latter require single-crystal materials such as lithium 
tantalate or quartz, are limited in practice to firequencies below about 2 GHz, and also 
have limited power-handing c^bility . 



30 
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RF filters aie lypicaUy lequiied to have very low insertion loss, due to requirements 
such as receiver sensitivity and transmitter power consumption. Here, a method is 
proposed for achieving minimal insertion loss in to-fihn BAW filters, based on an 
understanding of Ihe relationship between particular loss mechanisms in resonators and 
5 the role that each resonator plays in filter performance. 

This understanding leads to the principle claim of this proposal, which is a fen-shaped 
filter layout m which shunt resonators have unity aspect ratio and series resonators have 
aspect ratio significantly different fiwm unity. 

10 

A BAW resonator is essentially an acoustic cavity canqnising a piezoelectric layer 
sandwiched between metal electrode layers. When an alternating electric signal is 
appUed across these electrodes the energy is converted to mechanical form and a 
standing acoustic wave is excited. The piincq»le mode of vibration m practical thin-fihn 
15 resonators is die fundamental tiiickness-extensional (TE) acoustic mode, i.e. vibration is 
normal to the layers. Two main types of resonator have been studied, hi the first of 
tiiese, tiie fihn BAW resonator (FBAR) [1], a tiiin membrane forms the cavity as shown 
in Fig. 1. tiie second, die soUdly-mounted BAW resonator (SBAR) [2] shown in Fig. 
2, flie lower fiee surfece of tiie membrane is replaced by a set of acoustically mis- 
20 matched layers, which act to reflect die acoustic wave. This concept is analogous to die 
Bragg reflector in optics. The reflector layers are deposited on a soKd substrate, 
typically silicon, so this structure is physically more robust tiian flie FBAR. Typical 
dimensions and materials are shown in bofli figures. Electiical comiection to die bottom 
electrode maybe through a via, as shown in Fig.l. Alternatively, the via may be avoided 
25 by having the bottom electrode electrically floating, and forming two resonators in 
series, as shown m Fig.2. Wifli appropriate areas die two approaches are to first order 
electrically identical, and each may be used witii either die FBAR or SBAR 
configuration. 
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A commonly-used electrical equivalent circuit of a BAW resonator is shown in Fig.3. 
Coy Ci. Li ta\dRi respectively characterise the static c^acitance, motional capacitance, 
motional inductance and motional resistance of the resonator itself, and together form 
the so-caUed Butterworfh-Van Dyke model. The remaining con^onents are electrical 
5 parasitics. The three resistors characterise distinct types of energy loss: ohmic loss m the 
electrodes and mterconnect (R^), loss due to stray electric fields in the siUcon substrate 
(Bp), and mechanical losses associated with the resonance (Rj). Dielectric loss is 
typically negligible. 

10 These loss mechanisms are central to what is proposed here. The equivalent-circuit 
model is useftd for first-pass design of filters (and other circuits using BAW 
resonators). A more physically-based representation of a BAW resonator is the 
Novolny-Benes model. This provides a solution of the field equations in one dimension 
(ID). It is assumed that the mechanical and electrical fields have significant spa^ 

15 variations only in the thickness dhection. Since the lateral dimensions of a typical 
resonator are much greater than layer thicknesses this is a reasonable approximation. 
The measured conductance (real part of admittance) of a typical BAW resonator is 
compared over a wide band witili predictions by both models m Fig.4. The level of 
agreement for the susceptance Omagmary part) is similar. The electrical parasitic 

20 components J?,, X„ lip and Q are included in both models. Most, but not all, features of 
the response are predicted 1^ the ID physical model 

For filter design, two characteristic firequencies are particularly inqjortant: the resonance 
/land anti-resonance^ , the fi«quencies of maximum and mmimum admittance 

25 respectively. For hi^ Q-factor resonances these are very close to the maximum and 
tnitiimiim of conductance. In this example they are at approximately 1.985 GHz and 
2.03 GHz rrapectively. Fig. 5 shows an expanded view of tiie curves shown in Fig. 4 
close to fr The detailed behaviour near resonance is shown to be quite accurately 
predicted by both models. Fig.6 shows the very fine detail near j;. and this demonstrates 

30 a smaU but significant area of disagreement The measured response clearly shows some 
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ripple and additional conductance (i.e. loss) near fa. This is predominantly due to 
closely-spaced weakly-excited modes which contain transverse field components, and 
fields with transverse as well as normal spatial variation. They are not accounted for in 
either of the above models. However, they cannot be ignored in filter design because 
5 energy loss at anti-resonance has a serious impact on filter performance. It would be 
possible to include these additional unwanted modes by extending Ihe physical model to 
2D or 3D, but they can also be approximated in the equivalent-circuit model as shown 
in Fig.7, where each of the parallel branches (/ = 2,3. ..J) corresponds to an unwanted 
mode. They-th mode is then characterised by the motional parameters Cj. Lj and Rj . 

10 

BAW filters are implemented by inter-connectmg thin-film BAW resonators. One of the 
preferred architectures is the ladder filter, for which an example schematic circuit is 
shown in Fig. 8. 

15 

The number of ladder sections (each comprising series and shunt resonators) depends 
on the desured selectivity and other design considerations. For RF filters the required 
very low insertion loss may be achieved by designing the series resonators to have very 
high conductance (ideally infinite) at the filter center fiiequencyy;, and the shunt 

20 resonators to have very low conductance (ideally zero) at fo. For mitiitrinm possible loss 
bofli^of the series resonators andy^of the shunt resonators should be coincident with^ 
. However, for certain applications it is possible to sacrifice some insertion loss 
performance in order to achieve wider bandwidth. In eitiier case the conductance of the 
series resonators at fr should be as high as possible (typically > 1 S for a 50 ohm filter), 

25 and the conductance of the shunt resonators at fa should be as low as possible (typically 
< 1 mS for a 50 ohm filter). The prototype resonator used as an example here 
approaches these targets. 
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In high Q-fector devices energy loss near resonance or anti-resonance is only a very 
small fiaction of stored energy. This cannot be accurately predicted from first 
principles, partly because sufficiently accurate material loss data is not available, and 
partly (in the case of the two above models) the loss mechanisms are not included. 
5 However, realistic resistors (and other components) in the equivalent-circuit model in 
Fig. 3 may be readily extracted from measurement by using simple circuit theory and 
adjusting the component values to give the agreement shown in Figs. 4 and 5. For 
example, assuming high Q-fector, circuit theory leads to the relationships/, « l/V(Li 
^^fa « ite»+Q)/(Z/ Ci C«)]. Substrate losses are typically very low giving a very 

10 high value ofi^, and therefore the values of conductance at/ and/, are approximately 
and l//2?,+ l/(4^Co'Ri)J respectively. In principle, component values for 
the extended chxnrit model in Fig.7 could be extracted by matching the ripple near/ 
shown in Fig.6.It is found in practice that, in the above expressions for conductance, tiie 
first term in the denominator (i.e. R, ) dominates at / and the second term (i.e. 

15 i/r-^^z^C/iJ,) dominates at/. The expressions for conductance at/ and/ given by the 
extended circuit are much more complex, but the same general conclusion that electrical 

lossdominatesat/andmechanicallossat/isstfflreachedThereforeoptimuml^^^ 
loss filter design impUes different criteria for the design of the series and shunt 

resonators. Optimum design is not achieved by flying the same design criteria to aU 
20 resonators. 

From the above discussion it foUows that, for series resonators minimizing conductor 
resistance is the most important consideration. On the other hand, for shunt resonators 
minimizing mechanical loss at anti-resonance is the most mqiortant consideration. 

25 Clearly, the mechanical loss associated purely with the wanted mode must be 

minimized, i.e.ie/ must be as smafl as possible. However, referring to flie equivalent 
circuit m Fig. 7, even if J?, is indeed small, the contribution to a shunt resonator's 
conductance at/ fiom it/ (unwanted) mode will be significant if the frequency is close 
to/ and the value of i?,is sufficiently high (i.e. its Q-fector is sufficiently low) such that 

30 its contribution adds significantly to that of the wanted mode. The measurement in Fig. 
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6 demonstrates this clearly. In principle, all unwanted modes contribute to some extent 
towards increasing the admittance at anti-iesonance. so for shunt resonators loss of 
energy into unwanted modes must be minimized. 

5 infflterdesigaresonatorareaisfeedbythedesireduq?edance(wMchisinversety 
proportional to area). Second-order aspects of behaviour can however be influencedby 
resonator shape. Excitation of unwanted modes is generally associated with electrode 
edges, so mechanical energy lost is strongly related to the length of Ihe perimeter of the 
resonator. Stored energy, on the other hand, is related to resonator area. Therefore Q- 

10 fector at anti-resonance is maximized for a resonator sh^e that maxmuzes the ratio of 

area to perimeter. This has been confirmed «q.erimentally. Shunt resonators should 
therefore ideally be circular. If, for any reason such as compactness of layout, a 
rectangular shape is preferred, tiien shunt resonators shouldbe square. Any resonator 
can in principle be spUt mto more than one in series or parallel. Applying the criteria 
discussed here shunt resonators should not be divided mto parallel devices since these 
will have smaller area, but creating say two in series as in Fig. 1 is advantageous smce 
each then has twice the area of the ori^nal. 

The above considerations are much less significant in tiie design of flie series 
20 K«onators,forwhichtiiemechanicallossis1ypicaUysubstantiallylessthanthe 

conductor loss. Thus, the resistance of tiie paA taken by flie electrical current through 
Ihe chain of series resonators shouldbe mhrimized. This may be achievedby making 
fee dimension corresponding to fliis longitudinal direction short, with tiie transverse 
dimension being correspondingly long, so as to retain Ihe required in5.edance leveL In 
25 practice, there will be a limit to aspect ratio, because beyond a certain value 
corresponding to very narrow resonators the mechanical loss at /r will become 
ngnificant compared to the electric loss. 
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An exan^le of a physical layout of lop and bottom electrode layers based on these 
design criteria is shownmFig. 10, with the corresponding layer structure shown 
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schematically in Fig.9. Resonators ate definedby flie areas of overlap of llie top metal 
layer (dark grey - 1) and bottom tnetel layer (Ught grey - 2). The di^t aspect ratios 
required for optimum performance of the series resonators (A) and shunt resonators (B) 
are taken into account in Ihe fen-shaped layout shown. Areas on the left and right sides 

5 of tiie layout where Ihe top metal does not overlap flie bottom are input, oulput and 
ground pads. Typically Ihese area have an additional tiiick metal layer appUed. This 
further reduces series resistance and fecihtates connections (e.g. flip-chip). Where 
possible edges of areas of overly are definedby electrode edges in tiie top layer. For 
such edges, there is no physical discontinuity in tiie piezoelectric layer, so conversion of 

10 energyintounwant«dmodesshouWatlea8tbeminimized.ThevariantinFig.llhas 
elongated holes in tiie top layer to increase the proportion of tiie shunt resonator edge 

lengtii defined in iMs way. (Since holes also mcrease resistance they are likely to be 
counter-productive for tiie series resonators, and are tiierefore omitted ftom to part of 
ihelayout.) Another variant, shown in Fig. 12, has rounded comers to finlher reduce 
15 ahruptphysical discontinuities. Variants witii circular shmit electrodes, and/or shunt 
resonators implemented using two or more in series may also be considered, althou^ 
flie in5)lications for total area and degree of fen-out must be taken into account. In 
addition to tiie unwanted modes excitedby ti»e resonator itself, oflier modes maybe 
excited by stray electric fields penetrating Ihe piezoelectric layer. Hierefore, tiie lengfli 
20 ofint^rconnectlinesineitiieroftiiemetallayersshouldbeasshortaspossi^lein^ 

to minimize both tiiis source of energy loss and resistive losses. 

The active area of FBAR device is defined by area overlapping area of tiie first 
electrode, tiie PZT material layer and the second electrode. 



25 
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CLAIMS: 



1 . A ladder filter comprising a plurality of bulk acoustic wave resonators, the resonators 
comprising a plurality of series resonators in series between an input port and an output 
port of Ihe filter, and one or more shunt resonators each connected between a junction 
between two series resonators and a common terminal, the series resonators comprising 

5 an input series resonator connected to Ihe input port and an oufput series resonator 
connected to the output port, and wherein the shunt resonators are designed to satisfy: 
an unity aspect ratio and wherein the series resonators are designed to satisfy an aspect 
ration differ^t firom unity. 

10 

2. A radio ftequency band pass filter cono^rising a ladder filter as claimed in claim 1 . 

3. A radio firequency receiver and/or transmitter device comprising a band pass filter as 
claimed in claim 8 . 
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ABSTRACT: 

Thin-fiJm BAW ladder filter with fea-shaped layout 

A ladder filter comprising a plurality of bulk acoustic wave resonators, the resonators 
comprising a plurality of series resonators in series between an input port and an oulput 

5 port of the filter, and one or more shunt resonators each connected between a junction 
between two series resonators and a common terminal, the series resonators comprising 
an input series resonator connected to the input port and an output series resonator 
connected to the output port, and wherein the shunt resonators are designed to satisfy: 
an unity aspect ratio and wherem the series resonators are designed to satisfy an aspect 

1 0 ration different firom unity. 
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